Abstract. Intense laser fields are known to induce strong ionization in atoms. In nanoclusters, ionization is only stronger, resulting in very high charge densities that lead to Coulomb explosion and emission of accelerated highly charged ions. In such a strongly ionized system, it is neither conceivable nor intuitive that energetic negative ions can originate. Here we demonstrate that in a dense cluster ensemble, where atomic species of positive electron affinity are used, it is indeed possible to generate negative ions with energy and ion yield approaching that of positive ions. It is shown that the process behind such a strong charge reduction is extraneous to the ionization dynamics of single clusters within the focal volume. Normal and well-known charge transfer reactions are insufficient to explain the observations. Our analysis reveals the formation of a manifold of Rydberg excited clusters around the focal volume that facilitate orders of magnitudes more efficient electron transfer. This phenomenon, which involves an active role of laser-heated electrons, comprehensively explains the formation of copious accelerated negative ions from the nano-cluster plasma.
Introduction
The extreme nonlinear, non-perturbative physics involving the interaction of intense ultrashort laser pulses with matter is known to effectively ionize atoms to very high charge states [1] [2] [3] . At intensities beyond 10 12 W cm −2 most atoms undergo multiphoton ionization [4] , while over the barrier ionization is imminent beyond 10 14 W cm −2 in almost all atomic systems [5] . Augmenting the field-ionization processes is collisional ionization by laser-heated electrons to form a hot dense plasma [6] especially in dense systems, such as solids or nanoclusters [1] . In particular, with nanoscale clusters, ionization is even more enhanced, generating ions charged as high as Xe 45+ in Xe clusters [7] . Even at moderate intensities of 10 16 W cm −2 , Ar clusters are known to generate more than 60% of the atoms in charge states larger than 7+ [8] . Clusters with such high charge densities expand under Coulomb and hydrodynamic pressures to accelerate ions to energies upto MeV [9] . It is only these characteristic features of immense ionization and ion acceleration that has attracted interest in all the experimental [8, 10, 11] and theoretical explorations [1, 2] on nanoclusters so far. It is non-intuitive that from such hot, dense and highly ionized matter, negative ions with kinetic energies of a few hundreds of keVs can originate.
Theoretical investigations on the role of the inverse process of ionization, namely recombination, within clusters has recently been performed [12] . However, estimates [13] predict negligible charge reduction within the nanoplasma and do not favor generation of negative ions. On the experimental front, explorations on the formation of negative ions in intense laser fields have been limited both by the nature of the diagnostics used to probe the ion emission and by the choice of the target system. A large number of the experiments pertaining to cluster ionization so far have relied on the measurements of time-of-flight of ions at low inter-cluster densities ρ C ∼ 10 10−11 clusters cm −3 using skimmed cluster beams under the conditions of a large mean free path. Since in these cases, only positive atomic ions are expected, the measured arrival time is used to interpret the charge-integrated ion energy distributions [14] . Resolving and discriminating high-energy negative ions, however, necessitates the use of a charge and energy resolving ion spectrometer such as a Thomson parabola ion imaging spectrometer (TPS) [11] . Although TPS has successfully been used to explore the dynamics of cluster ionization, these studies were limited to cluster systems that comprised atoms/molecules [8, 11] that do not have positive electron affinity, and hence negative ion formation is not considered. Moreover, the interaction environment in these experiments involved the so-called single-cluster regime where isolated cluster explosions are probed. Studies on the change in ion charge states after the Coulomb explosion from single clusters due to dense cluster ensemble of clusters have never been reported. Experiments that involve inter-cluster collisions would need higher cluster densities, ρ C > 10 12 clusters cm −3 , which is possible by sampling a dense ensemble of clusters immediately at the throat of the supersonic nozzle. However, such studies predominantly concentrated on the measurement of k-shell x-ray photons [15] or fusion neutrons [16] . The presence of highly charged ions was only inferred through high-resolution x-ray spectroscopy [17] and not by direct ion measurements. Recently, however, ion spectrometry was explored very close to the nozzle, but with droplets that are a few hundred times larger than nm clusters. Experiments with 0.3 µm droplets of CO 2 have shown that C − ions up to 600 keV [18] are formed at 10 17 W cm −2 . Coulomb implosion was invoked to explain the emission of the high-energy negative ions. While a detailed mechanism of the acceleration of negative ion was discussed, the very process that generates the negative ions was not elaborated. In a more recent experiment [19] , irradiation of a water spray jet with a droplet size of 1 µm at 10 19 W cm −2 was found to generate O − ions, and charge transfer was argued to be responsible for the formation of accelerated O − . We demonstrate here the generation of hot negative ions from much smaller clusters (< 10 nm) that seems contrary to the expected ion emission features from small clusters. Our study reveals that a dense ensemble of laser-irradiated nanoclusters collectively forms a very efficient system for reducing the charge on Coulomb exploded ions with no loss of kinetic energy. Negative ion generation is shown to be a strong function of the cluster ensemble density (ρ C ). At large ρ C (> 10 12 clusters cm −3 ), negative ions are observed, with clear signatures of O − and a smaller fraction of C − , while no trace of negative ions are found at lower cluster density (ρ C ∼ 10 11 clusters cm −3 ). Further, at ρ C ∼ 10 14 clusters cm −3 , the signal strength and kinetic energy of O − are comparable to O + . The absence of any negative ion signal from single isolated clusters suggests that intra-cluster mechanisms, such as Coulomb implosion [18] , are not dominant in small clusters (of a few nm). Besides, our analysis reveals that the obvious mechanisms of charge reduction, electron recombination (ER) and normal charge transfer [19] fail to explain the large fraction of negative ions observed in measurements. We show that it is the electronic excitations in the hot dense plasma that is responsible for the large yield of negative ions.
Although heat transport by electrons from the focal zone has been probed earlier [20] , the consequence of this for the neighboring atoms and their influence on the ion particle emission have not been investigated. We show that streaming electrons from the focal volume have optimum energy to electronically excite clusters beyond the focal volume. Accelerated highly charged ions that encounter charge transfer collisions with the excited clusters are reduced very effectively due to an enhanced charge transfer cross section. The extent of such an influence is strongly dependent on the ensemble cluster density. In this paper, a detailed study is conducted to comprehensively address the negative ion formation from a strongly ionized plasma, and a very efficient plasma-assisted mechanism of electron transfer involving Rydberg excited clusters outside the focal volume is presented.
Experiment
We use a supersonic jet system coupled to a state-of-the-art TPS developed recently [11] in two varied experimental geometries for measuring ionization from single isolated clusters at low ensemble density ( figure 1(a) ) and also at high cluster densities ( figure 1(b) ). Briefly, (CO 2 ) n clusters are produced with a supersonic jet fitted with a 750 µm conical nozzle of 45
• . Cluster generation in these experiments is characterized by Rayleigh scattering measurements [21] in conjunction with Hagena's scaling laws [22] and are known to produce clusters with log normal size distribution [23] where the mean value of the distribution is controlled by the stagnation pressure on the nozzle. At a stagnation pressure of 10 atm, we decipher the generation of (CO 2 ) n clusters with a mean value of n = 36 000. High cluster density (ρ C > 10 12 clusters cm −3 ) experiments are performed focusing the laser pulses at 6-100 mm downstream of the nozzle ( figure 1(b) ) on a free expanding jet. On the other hand, to decipher ionization in single isolated clusters at low density (ρ C ∼ 10 11 clusters cm −3 ), the laser pulses are focused at the exit of a skimmer placed about 300 mm away from the nozzle on the axis of the supersonic jet. Differential pumping ensured that even with the gas load, the chamber pressure in the cluster source chamber is maintained at 10 −4 Torr and the chamber at the exit of the skimmer is maintained at less than 10 −6 Torr. In both the geometries, the focus and the TPS axis are fixed. The density in the free jet experiment is varied by changing the distance between the supersonic jet source and the laser focus. The supersonic jet nozzle system is set up on a translational stage and is moved away from the focal spot. The skimmed beam and the dense jet experimental geometries are realized independently, allowing for easy switching between the configurations.
The ultrashort intense laser pulses used in these experiments are from a chirp pulse amplification laser system that generates 40 fs pulses centered at 806 nm, with 300 mJ pulse energy at 10 Hz repetition rate. In these experiments, we use about 50 mJ pulses focused with an off-axis parabolic mirror to generate intensities up to 10 17 W cm −2 . Perpendicular to the direction of the laser and the supersonic jet, we use the TPS to probe the ions generated in the focal volume. The spectrometer is designed to give the best possible charge state resolution for the use of extended targets such as clusters [11] . We use a pair of movable knife edges to dynamically restrict the focal zone sampled in addition to a 300 µm ion extraction aperture placed at about 30 cm from the focal point of the laser. The cluster jet is much larger than the Rayleigh range of the laser focus, so ion generation from the pre-focal and post focal zones is inevitable and ions generating from these areas should be discriminated to achieve a good charge . The signal at the origin is due to the scatter light and x-rays generated at the focal point. A faint ring that appears around the origin is due to the diffraction of the scatter light from the 100 µm aperture. Note that the faint signal in the diametrically opposite quadrant (labeled O − ) show the presence of energetic negative ions. The image in figure 2(a) is the result of averaging over 40 000 laser shots, while the image in figure 2(b) was arrived at by averaging 3000 laser shots. d E and d B are electric and magnetic drifts, respectively. The E and B fields indicated are chosen so as to maintain the E/B 2 ratio, which conserves the curvature of the parabolic traces.
resolution [11] . Sampling a restricted interaction volume not only improves the resolution but also avoids longitudinal intensity convolution in the ion measurements. The electric field for the TPS is due to a pair of electrodes of 80 × 40 mm separated by 10 mm and the magnetic field is applied using a pair of permanent magnets placed 1 cm away on each side of the electrodes. Parabolic traces of the ions are detected using a pair of 40 mm micro-channel plates coupled to a phosphor screen and imaged using a CCD camera.
Results and discussion
The contrasting features of ion emission from CO 2 clusters in the single-cluster regime measured at ρ C of 10 11 cm −3 (figure 2(a)) and in a densely clustered media at ρ C of 10 13 cm
(figure 2(b)) are presented here for a direct comparison. The intensity within the sampled interaction zone in both cases is 2 × 10 16 W cm −2 and the average cluster size is n ∼ 36 000. It is to be noted that a skimmed beam is not just a low dense zone but is also restricted in the beam span (10 mm in this case) as against the natural span of a free jet. We use the standard equations for ion traversal in the parallel electric (E) and magnetic (B) fields of the TPS to simulate the ion trajectories [11] and these are represented by the dotted lines in figure 2(a) for the different ionic and molecular fragments of the CO 2 system, superposed on the measured TP image. In conformity with the expectations from experiments performed over a decade using much simpler time-of-flight methods [1] , we see positive atomic ions of C and O with the higher charge states having large kinetic energies (parabolic trace extends closer to the origin). Low cluster density (∼ 10 11 cm −3 ) ensures a large mean free path that is devoid of inter-cluster effects and thus the measured traces are a clear reflection of ionization dynamics of single isolated clusters. Equipped with an improved resolution, the spectrometer [11] resolves ion traces with very close values of m/q. The line cut of the well-resolved traces is plotted in the inset of figure 2(a). It also shows that the spectrum is devoid of any measurable signal from high-energy (> 5 keV) positive molecular ions (CO + 2 and CO + ). The dotted parabolic lines show the region over which these ions are expected to be seen if they are observed in the cluster explosion.
Our efforts to directly measure the ion spectrum in the high cluster density regime (> 10 13 clusters cm −3 ) with the clusters of a similar size and at the same laser intensity yielded an image that is very different. As seen in figure 2(b), in dense cluster ensemble experiments we do not find any highly charged ions and the spectrum is dominated only by C + and O + , which were negligibly small in figure 2(a) . The inset shows a line cut of the parabolic image showing the presence of predominantly singly charged ions. In Coulomb explosion of clusters it is expected that the low charge state (if they exist) have low energy and the high charge states have high energy. Contrary to this expectation, in figure 2(b) we have low charge state ions of high kinetic energy (parabolic traces corresponding to C + and O + in figure 2(b) extend very close to the origin). Inter-cluster interaction at high density appears to have reduced the highly charged ions with very little change in the kinetic energy and hence we have O + and C + ions with high kinetic energy. In fact, the charge reduction seems to go even further; in figure 2(b) we see a small trace of parabola in the direction diametrically opposite to the positive ion traces, indicating the presence of even negative ions. We reverse the bias of the voltage applied on the electrodes and the polarity of the applied magnetic fields to disperse the negative ions on the major portion of the detector. The resultant TP image, under otherwise similar experimental conditions and interaction parameters, is shown in figure 3(a) . We see a clear signature of O − and C − ions. In addition to the fact that there are two O atoms per CO 2 molecule, O − is the dominant negative ion, presumably because of a much larger electron affinity of O [24] . Negative ion signal is detected only under high cluster densities (see figures 3(b) and (c)) and the fact that this is accompanied by high-energy low charge state ions (C + and O + ) seems to suggest very strongly that this is not an intracluster process but an effect of inter-cluster interactions.
To probe this further, we measure the change in negative ion signal propensity with cluster density. Figures 4(d)-(f) show that the O − signal strength increases strongly with the cluster density. The corresponding positive ion traces measured by reversing the polarity of the E and B fields are shown in figures 4(a)-(c) . Further, the energy of the negative ions can be tuned with cluster size by varying the backing pressure of the jet [25] . In figure 5 , we show the TP image measured as a function of cluster size. An increase in the O − energy (traces extend close to the origin) and yield is seen much the same way as is expected for positive ions. Figure 6(a) shows the normalized kinetic energy spectrum of the O + and O − ions derived from the parabolic traces − ions that may be expected to dominate are not present. Further, this mechanism would also imply negative ion formation even from single isolated clusters. We probed hard to look for negative ions at low cluster density (10 11 cm −3 ) and failed to see any measurable signal. Even if the negative ion signal was 2-3 orders of magnitude smaller than that observed at high density, it would be measurable in our spectrometer. Figure 3(b) shows the signal on the detector with only electric field applied such that the dispersion is only on one axis and positive ion signal is differentiated from the negative ions. Since the ions are dispersed on a single dimension, the signal strength required for unambiguous identification of the presence of negative ions is smaller. However, we do not see any measurable negative ions in figure 3(b) in the direction opposite to those of positive ions. The absence of any negative ion signal from single isolated clusters (see figure 3(b) ) and the density dependence of negative ion formation (figures 4(c)-(e)) suggest that intra-cluster mechanisms (such as the Coulomb implosion [18] ) are not dominant processes at least in small clusters (of a few nm). It should also be noted that the large positive charge densities within nanoplasma form a strong electrostatic field that could re-ionize any anions formed from a single cluster and make their origin from a single isolated cluster plasma questionable.
We explore an other well-known method of generating negative ions, the dissociative electron attachment (DEA) [26] . Attachment of low-energy electrons to molecular systems has many orders of magnitude larger cross section than that of atoms [27] and negative molecular ions dissociate to form atomic negative ions. The presence of the cold electron swarm in a densely clustered media [28] could, in principle, bring this mechanism as a viable option. However, in order for DEA with molecular ions to be possible for forming high-energy O − or C − , it is necessary to observe high-energy molecular ions from the clusters. In the positive ion TP spectrum measured from isolated clusters, shown in figure 2(a), we do not see any measurable signal of molecular ions of high energy (larger than 5 keV) and this rules out the possibility of generating negative ions via DEA with molecules.
To comprehend these results, we take the cue from two major observations summarized in figure 6 . Firstly, it is clear from figure 6(a) that the inter-cluster density is a crucial tuning parameter in the generation of negative ions. The strong dependence of the negative ion yield on the cluster density suggests that negative ion formation is extraneous to the single-cluster ionization dynamics and involves multi-cluster effects. Secondly, the fact that the spectral features of the negative ions are similar to those of positive ions and the increase of negative ion kinetic energy with cluster size suggest that the force driving the acceleration is verily the Coulomb explosion of positively charged nanoclusters. The scenario for the generation of negative ions as it appears can thus be summarized as a two-step process. In the first step, the clusters are ionized by the interaction of the intense ultrashort pulse. In the second step, accelerated ions ejected from the nanoclusters in the focal volume traverse through the medium surrounding the focal volume and are charge reduced.
The basic processes that reduce the charge of an ion A q+ are
The first process is the capture of bound electrons from a target atom/molecule/cluster (termed M) in a collision and is generally termed as a charge transfer reaction. The cross section for the reaction varies with the center of mass collision energy and the single electron transfer (k = 1) cross sections are larger than multiple electron capture (k > 1). The electron donor (M) can be in the ground state or in an excited state. The second process, termed as the ER reaction, happens when a free electron is captured by an ion. The ER reactions can occur in mainly three different ways:
Dielectric recombination:
Triple recombination:
In radiative recombination, ions capture the free electron and the radiative loss of excess energy results in the formation of the charge reduced ion. In dielectric recombination, the free electron is captured to high-lying bound states and the excess energy is dielectronically coupled to excite an inner electron into a higher bound state. The doubly excited states lose energy in collisions or by photo emission. They are also prone to auto-ionization. At high electron density, triple recombination occurs when two electrons simultaneously interact with the ion. One electron is captured in the process and the other is scattered to carry away the excess energy. The cross section for these mechanisms are different and depend on the electron energy and density. However, it is possible to obtain an effective recombination cross section for a given electron density and temperature (www.adas.ac.uk). Both recombination with the free electrons in the cold electron swarm [28] and electron transfers from collisions with cold clusters can effect the charge [19] . As is true in most of the cluster experiments, the focal waist (10-20 µm) is much smaller than the span of the supersonic cluster jet around the focus. So there is a reasonable ensemble of unirradiated clusters that the ions traverse through before reaching the detector. This is especially a dominant process in a free jet where cluster ensemble densities are relatively higher. Further, intense ionization in the focal volume also results in emission of electrons that would undergo collisions with these surrounding cold clusters and form a cold electron swarm [28] through which the ion traverse. In the two-step model, the charge reduction reactions along the traversal for oxygen ions are accounted for by the following coupled differential equations for q = −1, 0, +1, · · ·, +8:
where [e] and [(CO 2 ) n ] are electron and cluster densities, respectively, N O q (x) is the number of O q ions at the distance x, σ e q,q−1 is the effective cross section of ER reactions that reduce O q to O q−1 and σ ct q ,q is the charge transfer cross section for reducing O q to O q (q > q) in collision with the CO 2 clusters. We measured the electron emission spectra of single-cluster nanoplasma and fitted it with a Maxwellian to determine the dominant cold electron temperature to be about 100 eV. Collisions in large cluster densities would reduce this temperature and to make the best case of ER we use σ e q,q−1 for an electron temperature of 1 eV (www.adas.ac.uk). This would give an upper limit on the contribution to charge reduction by ER. The charge transfer cross sections (CTCS) used in these calculations are given in table 1. The initial charge state propensity distribution N O q (0) is obtained from the experimentally measured TP spectrum of single clusters ( figure 2(a) ). The cluster density and its variation along the jet span [(CO 2 ) n (x)] are measured using a calibrated pressure sensor. The electron density [e] is inferred from the cluster density and the average number of electrons released per atom in the ionization of single clusters (estimated from the traces in figure 2(a) ). For modeling equations for the negative ions, we include the collisional electron detachment channel (A − + M → A) which has cross section σ coll −1,0 comparable to that of electron attachment (σ ct 0,−1 [30] ).
ER reactions have low cross sections and even at the best parameters used here (1 eV electron temperature that has the highest cross section), this process cannot account for transfer of population from high charge state to low charge states. With an [e] 10 18 cm −3 , a 2 cm traversal length (assuming that the electron swarm extends up to the jet span) and with σ e q,q−1 ∼ 10 −22 -10 −24 cm −3 for the different charge states q, the fraction of the ions reduced by ER is only 10 −4 -10 −6 . In general, the cross sections for charge transfer are higher than recombination reactions. Since the CTCS are not available in collisions with clusters, the CTCS measured for the monomer species is to be appropriately scaled to account for the CTCS of clusters. It should also be noted that head-on collisions of an ion with a few nm clusters would lead to a large change in momentum and scatter the ion. Since we are sampling the ion signal in the TPS with a 200 µm extraction aperture at about 20 cm from interaction zone, head-on collisions are discriminated in the measurements. In view of this, the CTCS is scaled with the number of atoms on the periphery of the spherical cluster. We follow a formalism that has been used in the literature [31] and is proven to yield correctly scaled cross sections. If R is the cluster radius, and σ ct,mono the CTCS of the monomer, then σ cluster = 3/2 × (δ R/R) 2 × N C × σ ct,mono , where δ R is the size of the monomer and N C is the cluster size. The CTCS is also a function of the ion energy; however, in a 1-5 keV amu −1 energy range (the mean energy of the O q+ ions in our measurements is at most 40 keV) there is no significant change in the CTCS. Typically, with the CTCS for monomer species of about 10 −16 cm 2 , the CTCS scaled for clusters of 3-4 nm are about two orders of magnitude larger. This is similar to the increase in the measured cross sections for carbon clusters as compared to that of atomic systems [32] .
Our calculations show that with cluster densities of about 8 × 10 13 cm −3 on an average at most two electrons are transferred per atom and this results in only about 10% ions being reduced to neutral oxygen and less than 0.1% ions to negative ion. This is far too small to account for the charge reduction seen in our experiments (complete transfer of high charge state population to low charge states and O − yield similar to O + ). Charge transfer as a mechanism does not even explain the unusual charge reduction of positive ions, let alone the formation and copious emission of the negative ions.
To understand this large discrepancy between measurements and calculations and to identify the actual mechanism which results in a large fraction of negative ions, we explore the role of the laser-heated electrons extraneous to the cluster ionization in the focal volume [33] . We revise the two-step model, that failed to explain the observations and introduce a third step. We invoke the formation of a sheath of excited clusters surrounding the focal volume by the collisional excitation of the electrons that stream out of focus. In the third step ions that encounter the Rydberg excited clusters undergo a very efficient charge transfer reaction.
The existence of an ionization front [34] in dense cluster ensembles is well known. Energetic electrons stream out of the focal volume and heat matter surrounding the focal volume. Ionization outside the focal volume by plasma electrons has been experimentally probed by interferograms in dense gas clusters [20] . Experiments on different clusters systems [1, 35] have shown that for intensities of about 10 16 W cm −2 with 800 nm light of pulse durations 40-200 fs, the electrons energy spectrum is typically a two-temperature Maxwellian, where the lower temperature is about 100-400 eV and the high temperature is about 1.5-2 keV. The low-energy component with a large yield is optimum for the ionization of atoms and hence the increase of electron density outside the focal volume [20] . However, one important aspect that has been ignored so far is the electronic excitation of the clusters by electron impact. At an electron energy of say 100 eV, the cross section for ionization (1.1 × 10 −16 cm 2 ) is comparable to the excitation cross section (0.8 × 10 −16 cm 2 ) [36] . This would hence imply the presence of a large fraction of excited clusters. Also, ionization followed by recombination in a solid-density medium such as a cluster can also induce electronic excitation. Thus, in a dense cluster ensemble both direct excitation by electron impact and indirect excitations via recombination lead to the formation of electronically excited states in the region surrounding the focal zone. It should be noted that excitation to even Rydberg states of clusters is well proved in a number of electron impact experiments [37] . In fact, clusters have been identified as unique with regard to electronic excitations owing to their mesoscopic properties [38] . For an electron density of 5 × 10 19 cm
and a cluster density of 10 14 cm −3 , given that there are about 10 5 atoms per cluster, the fraction of electronic excited atoms can be as large as 30% in the immediate neighborhood of the focal volume. This estimate relies on the energy deposition on the cold clusters by the streaming electrons from the focal volume using the cross sections for electron impact excitations [36] . Considering that in non-local heat transport experiments almost a 100% increase in electron densities outside the focal volume has been measured [20] , this estimate is well justified.
The Rydberg excitations inherent in a densely clustered medium can thus explain the measured negative ion yield and its strong density dependance. The electronic excitations would change the charge transfer rate dramatically. It has been shown that if electrons are excited to the nth electronic state, the charge transfer cross section would scale as ∼ n 4 . An enhancement of 3-5 orders magnitude in CTCS has been demonstrated in many experiments [39] with electronically excited collisional systems. In the simulation, therefore, we include a β parameter to account for the enhanced CTCS due to the electronically excited atoms. We define β = s × n 4 , where s is the fraction of atoms excited to an average state n by electron impact. Accordingly, β = 130 represents a scenario with s = 0.1 (that is, 10% of the clusters are electronically excited) with an average principal quantum number of n ∼ 6. Negative ion formation is insignificantly small when only normal charge transfer reactions are considered. Figure 7 shows the negative ion yield calculated by solving the coupled differential equations given in equation (1) to account for the negative ion formation at different cluster densities. In the inset of figure 7(b) , the blue line with a legend β = 0 gives the O − yield with only normal charge transfer and ER. It is also clear from the figure 7(b) inset that only for β > 0 there is appreciable negative ion formation. It is more apt to compare relative ionization yields determined experimentally with the computations rather than the absolute O − flux. We take the ratio of O − and O + for a given energy in figure 6 and obtain the ratio that is averaged over the entire energy range. Although the ion detection efficiency changes a little with ion energy, the relative change for O − and O + of a given energy is small and the correction in the energy averaged ratio is too little to influence the comparison with the computations. Table 2 gives a direct comparison of this ratio for the O − /O + measured and also computed with different values of β. Calculations for two different values of β are shown along with that from the normal charge transfer (β = 0). As seen in figure 7 and the data presented in table 2, an intermediate value of β = 30 is inadequate to reproduce the experimental observation but β = 100 gives negative ion propensity comparable to the experiments. In figure 7(a) , we show the change in ion signals computed from equation (7) for β = 100. From the numbers evaluated for electronic excitation, it is very reasonable that β can be about 100. Thus the negative ion formation and its unusually large yield, which is comparable to that of positive ions, can be comprehensively explained by enhanced charge transfer from electronically excited clusters.
In summary, we observe the emission of highly energetic negative ions as large as 300 keV from a densely clustered medium with a particle yield comparable to the positive ions. The origin of these negative ions is extraneous to the ionization of single nanoclusters and is attributed to highly efficient electron transfers from a sheath of Rydberg excited clusters around the focal volume. It is found that low-energy electrons emitted from the nanoclusters within focal volume are key to the formation of Rydberg excitations as well as the generation of negative ions. Our analysis reveals meagre negative ion counts sans these electronic excitations. Also, the negative ion yield strongly depends on the cluster density and the maximum O − energy is a function of the cluster size. Our analysis comprehensively explains the generation of accelerated negative ions. Combining compact laser-based ion sources with conventional acceleration is being considered for many applications including medical diagnostics and cancer treatment [40] . The copious generation of accelerated negative ions shown in this work opens up the possibility of conceiving tandem acceleration schemes.
